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I. INTRODUCTION 


The application of wireless technology is a key support for 
society. Ubiquitous networks of wireless connected objects the 
Internet of Things (IoT), and pervasive connectivity of people 
requires a radical and disruptive rethink of the wireless 
infrastructure. Legacy technology and systems are rapidly 
becoming no longer fit for purpose in terms of their green 
credentials, bandwidth capability, and functionality. 


Superfast mobile data service is still in its infancy in both 
coverage and speed capabilities. The next generation of mobile 
data connectivity will provide unbelievably fast broadband 
speeds, but more importantly it will have enough capacity to 
perform every function you want it to without a drop in speed 
or connection, no matter how many people are connected at the 
same time. 


By the year 2020, it 1s predicted that each person in the UK 
will own and use 27 internet connected devices. There will be 
50 billion connected devices worldwide. Some of these will 
require significant data to be shifted back and forth, while 
others might just need tiny packets of information sent and 
received. 


The Centre for Wireless Innovation, CWI, at Queens 
University of Belfast develops beyond state of the art 
technologies and systems that will allow this to happen. We 
research in high impact industrially relevant areas which will 
deliver solutions into key grand challenge areas such as 
assisted living, autonomous’ vehicles, smart cities, 
environmental monitoring, etc. We focus on end to end 
physical layer wireless technologies and solutions. The CWI 
rationale is that there are significant research opportunities that 
can be found in the “gap” between the microwaves/RF 
hardware and communications / signal processing 
communities. Bring these activities together also produces a 


physical layer wireless capability that had significant scale and 
critical mass. The Centre is composed of 65 research staff and 
PhD students, including 12 faculty members who each lead 
their own research teams in partnership with a wide range of 
industrial and international academic collaborators. The 
facilities available within CWI include anechoic far-field, near- 
field and reverberation chambers, industry-standard modelling, 
design, fabrication and measurement facilities including 
electromagnetic and circuit simulator packages (ADS, 
Cadence, CST, Sonnet, Sim4life), on-wafer probing, on-chip 
temperature cycling, thermosonic ball and wedge bonding, 
precision PCB milling machine, CNC machining, vector 
network analysis, semiconductor parameter analyser as well as 
power, noise and large-signal measurements. 


Wireless is a major enabling technology for modern 
electronics systems and solutions. CWI focuses on addressing 
the challenges of modern society — a smarter world — through 
the development of new ideas and techniques for enabling 
ubiquitous, robust and secure connectivity, irrespective of the 
scenario context. Importantly, all of the work conducted within 
CWI seeks to apply the theoretical aspects of the research 
through to practical realisation with a view to demonstrating its 
impact and application potential for future economic or societal 
benefit. This ambition is seen in the application of our work to 
current and emerging applications within the fields of 
Advanced Mobile Communications — “beyond 5G” and 
Wireless sensors — core to the “internet of things/everything” 


Our work falls into four broad research themes within CWI: 
(1) RF through Terahertz Circuits and Front-Ends: 

(2) Antennas, Propagation and Applied Electromagnetics 
(3) Communications Theory and Signal Processing 

(4) Sensors and Sensing Systems 


Working in close collaboration with a large network of 
industrial and university partners, CWI develops theory, 
simulation, hardware prototypes and acts an international 
reference point for premier academic high impact research. 


*This use of this work is restricted solely for academic purposes. The author of this work owns the copy 
right and no reproduction in any form is permitted without written permission by the author.* 


CWI core objectives are: 


e To pursue high impact research and technology 
transfer of advanced wireless centric technologies 
from 1GHz and beyond. 


e To train highly skilled researchers capable of making 
contributions at a global level. 


e To facilitate through commercial exploitation societal 
requirements using wireless technology and 
techniques. 


This activity takes place within the ECIT Global Research 
Institute consisting of the Centre for Wireless Innovation, the 
Centre for Secure Information Technologies, and the Centre for 
Data Science and Scalable Computing. Here over 200 
academics, doctoral/post-doctoral students and engineers work 
closely on major research issues with world-leading 
companies, international academic partners and entrepreneurs. 
We take a market driven and innovative approach to 
researching technologies for a future digital society. 


Current Centre for Wireless Innovation specialisms at 
advanced level and at significant critical mass include: 


A. Massive MIMO technologies for 5G and beyond (Michail 
Matthaiou) 


Cellular communications, together with its underlying 
applications, is among today’s most active areas of technology 
development, with the demand for data rates expected to grow 
to unprecedented levels by 2020. The catalyst for this seminal 
development is 5G, or 5th generation wireless systems which 
represents a radically new paradigm in the field of wireless 
communications and promises to substantially improve the 
Area Spectral Efficiency (measurable in bits/s/Hz/Km7) and 
Energy Efficiency or EE (measurable in bit/Joule). Massive 
densification, in terms of more service antennas per unit area, 
has been identified as a key to enabler for 5G and can be 
achieved by deploying an unconventionally high number of 
antennas at future base stations. This paradigm is known as 
massive MIMO. In our laboratories, we investigate the 
following problems: 


1. Low-cost hardware solutions for massive MIMO base 
stations 


Resource allocation in massive MIMO 
Coarse quantization in massive MIMO 


Massive MIMO and cooperative communications 
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Fig. 1. Small Cell 
References [1-6] apply to this section and are representative 
of the work currently being conducted in this thematic area. 


B. Millimetre-wave Cellular Communications (Simon 
Cotton, William Scanlon) 


The increasing popularity of so-called "smart" phones and 
mobile computing devices, where the end user has access to a 
host of rich multimedia functionality, has meant that the 
current mobile network architecture is struggling to meet 
surging data download demands. Smartphone ownership in the 
UK alone has risen from 38% of the population at the start of 
2010 to 60% in 2013 with the Office of National Statistics 
reporting that over 32% of adults now access the Internet using 
their smartphone every day. This figure is expected to grow 
significantly in the coming years with Cisco predicting that 
worldwide demand for mobile data traffic will outstrip fixed 
data demand, reaching 11.2 Exabyte's per month by 2017. 
Even with the rollout of fourth generation (4G) networks 
across the UK, it is unlikely that that 4G alone will be able to 
service the data requirements of mobile users who now expect 
desktop experiences on these constrained platforms. 


To meet these challenging requirements, we are working 
towards providing ultra-high capacity mobile networks by 
simultaneously and jointly addressing the bandwidth problem 
and the dynamic network management issues associated with 
millimetre-wave based cellular communications. At the 
physical layer, by developing a fundamental understanding of 
the unique signal propagation characteristics encountered, the 
work will help inform future hardware and network 
deployment. Coupled with advances made within our 
laboratory at the higher layers, such as opportunistic adaptive 
routing, it is intended that multimode user equipment will 
operate as an ultra-high capacity underlay to future mobile 
networks, see Fig 2. 
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Fig. 2. 


Dynamic Cell Management 





References [7-12] apply to this section and are representative 
of the work currently being conducted in this thematic area. 


C. Secure and Energy-Efficient Small-Cells Networks 
(Trung Q. Duong) 


Data rates are projected to increase by a factor of ten every 
five years, and with the emerging internet of things (IoT) 
predicted to wirelessly connect trillions of devices across the 
globe, without novel approaches, mobile networks will grind to 
a halt unless more capacity is created in a secure, energy 
efficient manner. One of the most attractive solutions is the 
implementation of two-tier heterogeneous networks (HetNets) 
constituted by the combination of macro-cells and small-cells, 
Fig.3. But while these flexible and low-cost small-cell 
networks (SCNs) constitute one of the most attractive 
approaches to improving the capacity and coverage of wireless 
systems, the coexistence of both macro-cells and small-cells 
poses fundamental challenges, which urgently require 
solutions. 


The unique feature of our work is to augment the recent 
advances in signal processing theory, mathematical algorithms 
involved by both base stations and mobile devices for 
recovering the transmitted voice, data, video, etc. This allows 
us to integrate interference management between large and 
small cells along with energy harvesting techniques, massive 
MIMO systems relying on a large number of transmit/receive 
antennas and physical layer security (PLS). 





Fig. 3. 


High Capacity Network 


References [13-18] apply to this section and are 
representative of the work currently being conducted in this 
thematic area. 


D. Ultra-Small Device-to-Device Communications 
(Youngwook Ko) 


We focus on research challenges for ultra-small device 
communications. As part of the beyond-2020 connected- 
society vision, machine type device wireless technology is vital 
to remotely interconnect devices / sensors (e.g., in-vehicle, 
aircraft, unmanned robots, and human body) with a significant 
increase in device applications. In particular, it is envisioned 
that Internet-of-Things (loT) connected devices will reach 
triple to over 38 billion units globally by 2020. Along with IoT 
sensors, in the next 3 years, 89% of new cars is expected to 
produce connectivity services and products, Fig.4. 





Fig.4 Vechicular Ubiquitious Connectivity 


With the rapidly increasing demands for connected-devices 
and IoT applications, the connected-device networks are 
growing in both size and complexity, with miniaturization of 
device itself. Key research issues are to address that ultra-small 
devices in the future have to operate with no human 
intervention in a range of extreme environments and will work 
in non-conventional fading distributions (1.e., mainly in 
confined, metallic structure). However, today wireless 
connectivity of sensors is very far from its maximum potential. 
Benefits of connected-devices/vehicles come at the cost of a 
loss of energy efficiency due to power-limited sensors, an 
increased sensitivity to frequency offset and Doppler shift as 
well as severe metallic vehicle-area channel fading, and 
vulnerabilities of massive number of small sensors and dense 
vehicles on a road. 


Our research here focuses on in-vehicle’ wireless 
connectivity in three aspects: robustness to fast movement of 
vehicle; reliability of in-vehicle connectivity over 
unconventional metallic vehicle-area propagation; and 
congestion control V2V in dense vehicle networks. Key 
concept of this project is (1) to devise new simple yet high- 
performance D2D scheme for cognitive, dynamic in-vehicle 
connectivity; and (1i) to create congestion-friendly V2V 
communications, reducing vulnerability to signal congestion. 
We aim to create a synergy between signal congestion and 
signal detection at no or less power leakage. 


We are developing congestion-friendly V2V solution that 
lend themselves to eco-friendly vehicle network at reduced 
power consumption. Producing significant advance over 
classical V2V connectivity, the research will challenge how 
V2V_ networks in urban transportation applications are 
developed for V2V services to allow low power transmission 
to be reliable and eco-friendly, effectively, on congestion 
scenarios. 


References [19-23] apply to this section and are 
representative of the work currently being conducted in this 
thematic area. 


E. Communication Nonlinearities: From Hardware 
Impairment to Enabling Degrees of Freedom (Alexey 
Shitvov) 


The As microwave wireless system capabilities inevitably 
approach their fundamental limits due to exponentially 
growing number of users, finite spectrum/channel resources, 
hardware performance, energy efficiency and cost to build, 
new design paradigm emerge that duly respect basic physical 
constraints, such as nonlinearities, interference and noise. 


Meanwhile such systems expedite the use of adaptive signal 
waveforms and unconventional antenna degrees of freedom in 
order to leverage performance degradation due to 
hardware/channel impairments so as to meet unprecedented 
demands for the data rates, fidelity, ubiquity and security 
required for mobile wireless. In our research, we explore the 
physical origins and develop comprehensive characterisation 
and new mitigation strategies of communication nonlinearities, 
including those causing passive intermodulation distortion in 
printed circuit and metallic waveguide components and 
antennas. 


The current paradigm for dealing with microwave wireless 
systems in respect of nonlinear impairments and interference is 
to make use of massive array processing and non-orthogonal 
waveforms in conjunction with hybrid, digitally-assisted 
analogue architectures and cognitive signal conditioning. Our 
research on behavioural and physical modelling of passive 
distributed nonlinearities, hybrid simulation tools and optimum 
component design is designed to yield insights into the 
physical mechanisms of passive nonlinearities. Further, with 
the aid of multivariate testing, we can identify dominant 
nonlinear sources and derive the CAD models capable of 
capturing essential patterns of the harmonic and in-band/cross- 
band intermodulation distortions in transmission line 
components. These models allow us to employ powerful 
statistical analysis of signal distortions in analog and digital 
systems, and to implement efficient digital correction 
algorithms. 


Although spectral bandwidth is an essential pre-requisite of 
high data throughput, wide spectrum resource is typically 
associated with complicated management of nonlinear 
distortions and interference issues. Taking advantage of 
additional degrees of freedom pertaining to the physics of 
electromagnetic waves, such as polarisation and beam modes, 
allows further improvement of the data throughput. In our 
research, we investigate the use of unconventional degrees of 
freedom, particularly beamspace decomposition, for MIMO 
communications under hardware constraints and reduced 
complexity system architectures based on the hybrid 
beamforming, this will enable novel solutions for the densely 
deployed millimetre-wave small cells and satellite formation 
flying. 


Indeed, with the advent of cognitive millimetre-wave 
wireless communications and sensing important concerns are 
being raised about the system and signal dynamics. In 
particular, memoryless models of device and system 
nonlinearities become inadequate and fractional analysis 
becomes an essential tool for the efficient modelling and 
control of complex dynamical circuits and networks. 
Moreover, future communications will no longer waste the 
utility of component nonlinearities, interference and noise, but 
where possible exploit it at the signal conditioning core. In 
particular, nonlinear oscillatory dynamics can provide a means 
of very efficient synchronisation of large-scale systems, 
perceptual beamforming, improved sensitivity and control. Our 
future work will expand on the methods, models, functional 
materials and_ self-defining architectures of the future 
communication systems inspired by the recent advances in 
neurosciences. 


References [24-27] apply to this section and are 
representative of the work currently being conducted in this 
thematic area. 


F. Antennas & Propagation for Bodycentric Communication 
(Gareth Conway, William Scanlon) 


Wearable Antennas - This research challenges conventional 
single purpose sub-optimal antenna design and aims to address 
the need for wearable antennas with a step change in 
functionality on a single, physically compact, disposable 
wearable antenna structure. The core concept of this work is to 
achieve all propagating modes using a single antenna with 
optimal performance, where at least two or more antennas with 
sub-optimal characteristics and performance would be 
required. One of the key areas where this advancement would 
have unquestionable immediate impact is in wireless medical 
applications. The key impact enabler would be a single 
advanced unobtrusive antenna structure which adapts to all the 
medical propagation requirements and the diverse 
physiological and morphological parameters of any human 
host. 





Fig. 4. On/Off Body Wireless 

The research vision is that this imminent challenge could be 
solved through advanced antenna design, involving unique 
materials and compounded higher resonant modes requiring 
new design methodologies and measurement concepts. 


Implantable systems, Fig.6: Active implantable systems are 
often designed to be implanted in a single tissue type with a 
narrow range of tissue properties. Changes in the local tissue 
environment between users can significantly degrade the 
performance of these links making them unreliable. 





Fig. 5. Implantable Sensor 

This research focuses on Antennas & Propagation 
optimization to give robust performance in all tissue types 
within the human body. A key objective of the research is to 
address the shortfall in robust experimental measurement 
methodologies used to characterise the performance of 


implants. Notably, deep implant total radiation efficiency 
measurements. 


References [28-33] apply to this section and are 
representative of the work currently being conducted in this 
thematic area. 


G. Retrodirective Antennas for Ground and Space (Neil 
Buchanan, Vincent Fusco 


Retrodirective antennas offer an ideal solution to provide a 
fast tracking, high gain, antenna for mobile platforms, Fig.7. 
They use simple analogue circuits to provide the beam 
tracking, which are considerably simpler and lower powered 
than digital beamforming. They operate on the principle of 
phase conjugating a receive signal, such that the retransmit 
signal is sent back to the direction of origin. 


Retrodirective antennas have historically been based on a 
phase conjugating mixer circuit, which provides a phase 
conjugated retransmitted version of the received signal. This 
method, although producing good results in the laboratory, has 
many shortcoming for real life scenarios. The mixer can have 
high conversion loss, meaning that the weak received signal, 
can be even weaker on retransmit. It also does not have any 
method to utilise the array factor on receive. Our aim is to 
challenge these shortcoming of the retrodirective antenna 
allowing solutions that can be applied to real world scenarios. 
The research combines the phase conjugating mixer with high 
performance tracking phase locked loops (PLL) to produce 
retrodirective antennas which can operate with extremely weak 
received signals (as low as -130 dBm) and retransmit a high 
power signal (eg. 15 dBW EIRP for L band SATCOM). 


There is a considerable breadth of retrodirective antenna 
research activities ongoing at CWI. In addition to SATCOM, 
other projects are looking at the retrodirective antenna for 
terrestrial applications, such as Mobile Ad Hoc Area Networks 
(MANETs). Currently these networks use omnidirectional 
antennas, and will experience significant improvements in 
range and security with the use of a retrodirective antenna. 
Feasibility studies are also being carried out for the use of 
retrodirective antennas on space launch vehicles. The increased 
gain and real time tracking ability will enable significant 
increases to the bit rates of launch vehicle telemetry systems, 
which currently limited to <1Mbps. equations 





Self-Tracking Satellite Antenna Terminal 


Fig. 6. 


Receive only applications intended to replace reflector 
antennas (satellite dishes) used for digital video broadcasting 
(DVB) reception are also under investigation. 


References [34-39] apply to this section and are 
representative of the work currently being conducted in this 
thematic area. 


H. High-efficiency switched-mode power amplifiers for next 
generation wireless communication systems (Mury Thian) 


We have been working on high-efficiency switched-mode 
power amplifiers (SMPAs) for next generation wireless 
communication systems. Specifically, a new variant of SMPAs 
the so-called Class EF has been studied. This type of PA offers 
soft-switching operations as in the Class-E mode as well as low 
peak switch voltage, 1.e. 2xVDC, as in the Class F. The soft- 
switching operations are achieved by applying zero voltage 
switching (ZVS) and zero voltage derivative switching (ZVDS) 
conditions, thus minimise the power loss during the OFF-to- 
ON transition. In addition, the team has also been working on 
several dedicated PA architectures such as envelope tracking 
(ET), envelope elimination and restoration (EER), Doherty, 
Fig.8, and Chireix outphasing, which allow high efficiency to 
be obtained not only at the peak power but also at back-off 
power levels, thereby rendering it suitable for deployment in 
non-constant-envelope modulation schemes such as that used 
in orthogonal frequency division multiplexing (OFDM). 





CE 


Fig. 7. Hybrid Power Amplifier 
References [40-45] apply to this section and are 


representative of the work currently being conducted in this 
thematic area. 


I. Electromagnetic media (Robert Cahill, Raymond Dickie, 
Gareth Conway, Vincent Fusco 


Micromachined Frequency Selective Surfaces: Over the 
last decade significant advances have been made in space 
borne remote sensing instruments which provide complex 
imaging of clouds and spectroscopic characterisation of carbon 
dioxide and other greenhouse gases. These radiometers detect 
naturally occurring radiation over wide bandwidths at (sub)- 
millimetre wavelengths and employ Frequency Selective 
Surfaces (FSS) demultiplexing elements in the quasi-optical 
receiver to spectrally separate the signals that are collected by 
the scanning antenna. The key technology challenge is to 
ensure that the FSS exhibit very low signal band insertion loss 
and simultaneously meet the conflicting requirement for high 


isolation between adjacent frequency bands. This is required to 
minimize the overall noise performance of the instrument and 
thereby achieve high receiver sensitivity which is necessary to 
detect weak molecular emissions. The multidisciplinary project 
team at QUB exploits state of the art developments in silicon 
microtechnology, Fig.8, in order to create a new class of space 
qualified substrate-less and quartz based FSS that exhibit 
spectral efficiencies exceeding 93% at frequencies up to 700 
GHz. Moreover these structures exhibit high mechanical 
strength and suitable CTE properties for space borne payloads. 
In addition to the use of new micromachining technology, 
innovative electromagnetic design strategies and measurement 
techniques have been employed to produce filters which can 
separate either linear or simultaneously separate vertical and 
horizontal polarized components of naturally occurring thermal 
emissions. 





g 


D 





a 
Fig.8 Micromachined Frequency Selective Surface 


Electromagnetic Absorbers Based on Resistively Loaded 
FSS, Fig.9: New electromagnetic design strategies and 
materials for resistively loading the periodic elements of FSS 
have been employed to create compact, broadband and angular 
insensitive electromagnetic absorbers. This class of absorber is 
an attractive option for providing radar cloaking where the 
main design drivers are weight and thickness. We are 
investigating new design methodologies that simplify the 
construction of FSS absorbers. Ink jet printing techniques are 
being investigated to provide a better alternative to previously 
published techniques for creating loaded FSS elements. 
Repeatability and a means to obtain surface resistances close to 
the desired values by selecting the composition of the doped 
conductive ink mixture and by digitally controlling the dot 
density of the patterned features are key research features here. 
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Fig.9 Planar EM Absorber 


Liquid Crystal technology: By exploiting the voltage 
dependent anisotropic property of nematic state liquid crystals 
(LC) it is possible to produce phase shifting devices at 


microwave frequencies. LC can be integrated into single 
material substrates thus combining the key benefits of full 
integration, low weight and cost and continuous fast electronic 
control. The dielectric permittivity and hence the signal phase 
shift that can be obtained from these materials is controlled by 
applying a small low frequency ac voltage using a simple 
biasing arrangement, and in addition the device architecture 
and construction are similar to those used in LC optical 
displays. This method of controlling the propagation of guided 
energy facilitates the potential to create a new class of fully 
integrated antenna systems at mm and sub - mm wavelengths, 
because this approach provides a means to overcome the upper 
operating frequency limit which is a drawback of most other 
active control options that are currently available. Our 
objective is to develop with industrial partner new low loss LC 
materials that all FSS which exploits the dielectric anisotropy 
of LC to exhibit an electronically tunable bandpass filter 
response sub-millimetre wavelengths. These electronically 
tunable LC based FSS have the potential to be used as quasi- 
optical switches, Fig.10, since these produce a large dynamic 
transmission range between ‘on’ and ‘off? states corresponding 
to the passband peak and transmission null respectively. 
Moreover this class of device has been used to provide very 
precise measurements of the unknown permittivity, loss 
tangent and dielectric anisotropy of new LC materials that have 
been engineered for microwave through sub-millimetre wave 
applications. Collaborating researchers from QUB and the 
Politécnica de Madrid (UPM) are developing accurate and 
efficient modelling techniques and precision micromachining 
processes to create low-cost, high-performance electronically 
scanned LC based W band reflect array antennas for beyond 
5G communications and millimetre wave imaging applications. 
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Fig.10 Liquid Crystal Cell 


References [46-51] apply to this section and are 
representative of the work currently being conducted in this 
thematic area. 
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